Muscle contraction and insulin induce glucose uptake in skeletal muscle through GLUT4 membrane translocation. Beneficial effects of exercise on glucose homeostasis in insulin-resistant individuals are known to be due to their distinct mechanism between contraction and insulin action on glucose uptake in skeletal muscle. However, the underlying mechanisms are not clear. Here we show that in skeletal muscle, distinct Ca 2+ second messengers regulate GLUT4 translocation by contraction and insulin treatment; D-myo-inositol 1,4,5-trisphosphate/nicotinic acid adenine dinucleotide phosphate (NAADP) and cyclic ADP-ribose/NAADP are main players for insulin-and contraction-induced glucose uptake, respectively. Different patterns of phosphorylation of AMPK and Ca 2+ /calmodulindependent protein kinase II were shown in electrical stimuli (ES)-and insulin-induced glucose uptake pathways. ES-induced Ca 2+ signals and glucose uptake are dependent on glycolysis, which influences formation of NAD(P)-derived signaling messengers, whereas insulininduced signals are not. High-fat diet (HFD) induced a defect in only insulin-mediated, but not ES-mediated, Ca 2+ signaling for glucose uptake, which is related to a specifically lower NAADP formation. Exercise decreases blood glucose levels in HFD-induced insulin resistance mice via NAADP formation. Thus we conclude that different usage of Ca 2+ signaling in contraction/insulin-stimulated glucose uptake in skeletal muscle may account for the mechanism by which exercise ameliorates glucose homeostasis in individuals with type 2 diabetes.
Muscle contraction and insulin induce glucose uptake in skeletal muscle through GLUT4 membrane translocation. Beneficial effects of exercise on glucose homeostasis in insulin-resistant individuals are known to be due to their distinct mechanism between contraction and insulin action on glucose uptake in skeletal muscle. However, the underlying mechanisms are not clear. Here we show that in skeletal muscle, distinct Ca 2+ second messengers regulate GLUT4 translocation by contraction and insulin treatment; D-myo-inositol 1,4,5-trisphosphate/nicotinic acid adenine dinucleotide phosphate (NAADP) and cyclic ADP-ribose/NAADP are main players for insulin-and contraction-induced glucose uptake, respectively. Different patterns of phosphorylation of AMPK and Ca 2+ /calmodulindependent protein kinase II were shown in electrical stimuli (ES)-and insulin-induced glucose uptake pathways. ES-induced Ca 2+ signals and glucose uptake are dependent on glycolysis, which influences formation of NAD(P)-derived signaling messengers, whereas insulininduced signals are not. High-fat diet (HFD) induced a defect in only insulin-mediated, but not ES-mediated, Ca 2+ signaling for glucose uptake, which is related to a specifically lower NAADP formation. Exercise decreases blood glucose levels in HFD-induced insulin resistance mice via NAADP formation. Thus we conclude that different usage of Ca 2+ signaling in contraction/insulin-stimulated glucose uptake in skeletal muscle may account for the mechanism by which exercise ameliorates glucose homeostasis in individuals with type 2 diabetes.
Both insulin and contraction induce the translocation of GLUT4 from the interior of the muscle cell to the cell membrane, leading to an increase in glucose uptake into the muscle cell (1, 2) . However, evidence indicates that contraction-induced GLUT4 translocation uses a mechanism distinct from that of insulin (3, 4) . This is the basis behind the beneficial effects of exercise in cases where insulin resistance is present, such as type 2 diabetes (5,6). However, the exact mechanisms by which insulin and contraction induce glucose transport are not clear. Ca 2+ plays a versatile role in intracellular signaling (7) . Mammalian cells have specific Ca 2+ signals for particular cellular processes. Ca 2+ second messengers control intracellular Ca 2+ levels by mobilizing Ca 2+ from intracellular stores, including the sarcoplasmic reticulum, lysosomes, and mitochondria (8) . D-myo-inositol 1,4,5-trisphosphate (IP 3 ), cyclic ADP-ribose (cADPR), and nicotinic acid adenine dinucleotide phosphate (NAADP) are well-characterized Ca 2+ second messengers. IP 3 is produced by phospholipase C, and the latter two by ADP-ribosyl cyclases, including CD38 (9) (10) (11) . Ca 2+ signals in skeletal muscle mediate a variety of physiological processes, including muscle contraction and cell metabolism (12, 13) . During contraction, intracellular Ca 2+ levels facilitate GLUT4 membrane translocation and glucose uptake through Ca 2+ -calmodulin-dependent proteins (14) . Insulin induces IP 3 formation in cardiac muscle, leading to glucose uptake (15) . Moreover, IP 3 receptor inhibitors have been reported to inhibit insulin-induced calcium transport in skeletal muscle, but not contraction-induced glucose uptake (16) . This suggests that insulin and contraction use distinct Ca 2+ signaling pathways. However, with few exceptions (17, 18) , surprisingly, little is known about Ca 2+ signaling messengers in skeletal muscle regulating muscle contraction. Furthermore, the roles of cADPR and NAADP in skeletal muscle contraction have not been examined.
Our purpose was to elucidate the possible differences between insulin-and contraction-stimulated Ca 2+ signaling in skeletal muscle glucose uptake. We demonstrate that IP 3 is the main player for Ca 2+ signaling in insulininduced glucose uptake, whereas cADPR plays a major role in contraction. Moreover, Ca 2+ signaling by insulin and contraction show different response patterns in glucose metabolism. The glycolytic pathway is tightly coupled to contraction-induced Ca 2+ signaling and glucose uptake by skeletal muscle, but not to insulin-induced Ca 2+ signaling and glucose uptake.
RESEARCH DESIGN AND METHODS

Animals
Specific pathogen-free 12-to 15-week-old C57BL/6 CD38 knockout mice and littermate wild-type mice were obtained from The Jackson Laboratory (Bar Harbor, ME). All animal studies were approved by the Institutional Animal Care and Use committee at Chonbuk National University.
Isolation of Skeletal Muscle Single Fiber
Single skeletal muscle fiber samples were isolated from gastrocnemius muscle of 10-week-old C57BL/6 male mice by the method described previously (19) and were placed in 15 mL Falcon tubes containing 8 mL of DMEM (Invitrogen) and 2% type I collagenase (Worthington Biochemical) for 90 min in shaking water bath (50 rpm) at 37°C. 
Ca
2+ second messenger inhibitor concentrations and incubation times were as follows: 8-Br-cADPR (100 mmol/L, 15 min), NED19 (100 mmol/L, 10 min), and xestospongin C (XesC) (100 nmol/L, 10 min). Cells were treated with 0.5 mL of 0.6 mol/L perchloric acid under sonication, and precipitates were removed by centrifugation at 20,000 g for 10 min. Perchloric acid was removed by mixing the aqueous sample with a solution containing three volumes of 2 mol/L KHCO 3 . After centrifugation at 1,500 g for 10 min, the aqueous layer was collected and neutralized with 20 mmol/L sodium phosphate (pH 8).
[cADPR] i and [NAADP] i were measured using a cyclic enzymatic assay as described previously (22, 23) .
Statistical Analysis
All data were expressed as mean 6 SEM values. Statistical analyses were performed using Student t tests or ANOVA tests for in vitro and in vivo studies. All analyses were performed using SPSS 20.0 (SPSS Inc. Fig. 2 ) and used this concentration value throughout the study. ES-induced Ca 2+ signals were more effectively inhibited by 8-bromo-cADPR (8-Br-cADPR), an antagonistic analog of cADPR, and NED19, an NAADP mimic antagonist, than by XesC (Fig. 1C) . Insulin-induced Ca 2+ signals were most effectively inhibited by XesC, whereas NED19 blocked only the later phase of insulin-induced Ca 2+ signals, and 8-Br-cADPR had little effect (Fig. 1D) formation of cADPR (Fig. 2) . Time course indicates that cADPR formation preceded NAADP formation in ES-and insulin-induced Ca 2+ signals ( Fig. 2A and B) . ES-induced cADPR formation was not significantly affected by pretreatment with NED19 or XesC (Fig. 2C) , whereas NAADP formation was blocked by 8-Br-cADPR (Fig. 2D) . Insulininduced NAADP formation was noticeably interrupted by XesC, but not by 8-Br-cADPR (Fig. 2F) . These results indicate that cADPR formation is a prerequisite for NAADP formation in contraction, whereas IP 3 is essential for NAADP formation in insulin treatment. Previous findings showed that calcium release by cADPR induces NAADP formation through a cAMP-dependent mechanism (24, 25) . Accordingly, protein kinase A inhibitors selectively inhibited ES-induced NAADP formation, but not cADPR formation ( Supplementary Fig. 3 ).
CD38 is a prototype of mammalian ADP-ribosyl cyclase that is ubiquitously expressed, including skeletal muscle (26) . We examined whether CD38 was responsible for cADPR and NAADP formation by ES and insulin treatment. There was a negligible level of difference in NAADP and cADPR formation between CD38 wild-type and knockout mice upon ES/insulin treatment ( Supplementary Fig.  4A and B). Moreover, cADPR and NAADP were also formed in extracts prepared from wild-type and knockout muscle cells, which were increased by ES ( Supplementary Fig. 4C and D), indicating that skeletal muscle has an unidentified ADP-ribosyl cyclase, which is responsible for cADPR and NAADP formation in ES and insulin treatment. Based on our data, we expected that ES-and insulininduced glucose uptake might be differentially affected by blocking agents of aforementioned Ca 2+ signaling messengers. Indeed, ES-induced glucose uptake was completely blocked by 8-Br-cADPR or NED19, whereas insulin-induced glucose uptake was abolished by XesC or NED19 (Fig. 3A) . This indicates that glucose uptake is tightly regulated by Ca 2+ signals, in both ES and insulin stimulation. However, the data also demonstrate that glucose uptake is differentially regulated by the Ca 2+ second messengers in response to ES and insulin. AMPK is known upstream regulator for glucose uptake, and it is phosphorylated by various kinases, including Ca 2+ /calmodulin kinase kinase (12, 27 Fig. 5 ). We examined whether ES-or insulin-induced AMPK phosphorylation is differentially affected by Ca 2+ signaling blockers. Consistent with our data of differential blockade of ES-and insulin-induced glucose uptake, only ES-induced AMPK phosphorylation was blocked by 8-Br-cADPR and NED19, but not XesC (Fig. 3B) , indicating that AMPK is differentially regulated by ES or insulin-stimulated Ca 2+ signals. CaMKII is a potent regulator of ES-induced glucose uptake (14) . Intriguingly, CaMKII phosphorylation on Thr 286 was increased by ES, but not by insulin (Fig. 3C) . CaMKII inhibitory peptide, autocamtide-2-related inhibitory peptide (AIP), inhibited ES-induced phosphorylation of CaMKII as well as glucose uptake, whereas AIP had no effect on insulin-induced glucose uptake (Fig. 3C and D) . Consistently, 8-Br-cADPR and NED19, but not XesC, significantly abolished ES-induced CaMKII phosphorylation (Fig. 3E) .
These findings suggest that ES induces glucose uptake through the action of CaMKII, which is phosphorylated in a cADPR/NAADP-mediated Ca 2+ signal-dependent manner. contraction, could be modeled as an anaerobic condition since continuous ES induces glycogen depletion and lactate accumulation (28) (Supplementary Fig. 6 ). During sustained muscle contraction, anaerobic glycolysis provides energy until aerobic metabolism takes over (29) . Hexokinase is a ratelimiting enzyme for glycolysis (30), so we hypothesized that the inhibition of glycolysis by a hexokinase inhibitor, 3-bromo-pyruvate (3BP), may affect Ca 2+ signaling during anaerobic contraction (31) . Indeed, 3BP treatment inhibited ES-induced cADPR/NAADP formation and Ca 2+ signals, but not insulin-induced NAADP formation and Ca 2+ signals (Fig. 4A-D) . 3BP treatment inhibited ES-induced, but not insulin-induced, glucose uptake (Fig. 4E) . Consistently, 3BP blocked ES-induced phosphorylation of CaMKII and AMPK (Fig. 4F) . Another glycolysis inhibitor, 2-deoxy glucose, also inhibited ES-induced cADPR/NAADP formation and phosphorylation of CaMKII ( Supplementary Fig. 7 ). These results suggest that NAD metabolism accounts for the dependency of ES-induced glucose uptake and Ca 2+ signals on glycolysis. We measured the intracellular NAD(P)/ NAD(P)H formation with ES or insulin treatment, with or without 3BP. Intriguingly, ES significantly stimulated NAD(P)/NAD(P)H formation, whereas insulin only increased the formation of NAD(P)H. 3BP significantly inhibited ES-induced NAD(P)/NAD(P)H formation, but not insulin-induced NADH formation ( Supplementary  Fig. 8A and B) . These results indicate that contraction is affected by glycolysis, which directly influences NAD(P) metabolites-mediated Ca 2+ signaling. Therefore, we assumed that hexokinase, the rate-limiting enzyme in glycolysis, may be activated by ES. Indeed, ES significantly increased hexokinase activity, while insulin did not (Supplementary Fig. 9A ). Moreover, 8-Br-cADPR, but not NED19 or XesC, inhibited ES-induced hexokinase activity ( Supplementary Fig. 9B ), indicating that cADPR-mediated Ca 2+ plays an important role in ES-induced stimulation of hexokinase. These findings suggest that ES simultaneously increases hexokinase activity and glucose uptake and the two events may be coordinately regulated by the same Ca 2+ signaling during muscle contraction. It is known that metabolic stress such as interference of mitochondrial ATP production increases glucose transport in a Ca 2+ -and AMPK activation-dependent manner (32, 33) . Therefore, we examined the effects of an oxidative phosphorylation inhibitor, rotenone, on NAADP/cADPR synthesis and found that rotenone induces NAADP/cADPR synthesis as much as ES (Supplementary Fig. 10 ), indicating that an increase in energy demand induces NAADP/cADPR-mediated Ca 2+ signaling, which induces glucose transport.
ES Induces Glucose Uptake via Ca 2+ Second Messenger Production in the High-Fat Diet-Induced Insulin-Resistant Condition
It is established that muscle contraction ameliorates highfat diet (HFD)-induced insulin resistance (34) . Its effects mediate contraction-induced Ca 2+ signals, but its mechanism is not fully understood. We examined whether HFD affects insulin-induced glucose uptake in mouse skeletal muscle by comparing the extent of skeletal muscle glucose uptake in normal-diet-and HFD-fed mice and found that uptake was significantly reduced in HFD-fed mice compared with normal-diet-fed mice. In contrast, ES-induced skeletal muscle glucose uptake was not altered in HFD-fed mice compared with normal-diet-fed mice (Fig. 5A) . Due to the different Ca 2+ signals eliciting skeletal muscle glucose uptake during contraction and insulin treatment, we examined whether ES-and insulin-induced cADPR and NAADP formation were affected differently in HFD-fed mice. ESinduced cADPR and NAADP formation was not affected in HFD-fed mice, whereas insulin-induced NAADP formation was significantly decreased in HFD-fed mice compared with normal-diet-fed mice (Fig. 5C ). HFD-fed mice also showed a significant decrease in insulin-induced, but not in ES-induced, GLUT4 translocation when compared with normal-diet-fed mice (Fig. 5D) . Intriguingly, membranepermeant NAADP-AM and 3-deaza-cADPR induced GLUT4 translocation in both normal diet and HFD cells, which was blocked by inhibitors NED19/8-Br-cADPR (Fig. 5D) . Furthermore, ES-induced phosphorylation of CaMKII was not changed in HFD-fed mice when compared with normal-diet-fed mice (Fig. 5E ). These findings indicate that HFD affected insulin-mediated Ca 2+ signaling, but not ES-induced Ca 2+ signaling, for glucose uptake, due to a defect in NAADP formation in HFD-fed mice. Consistent with GLUT4 translocation in HFD-fed mice by membranepermeant NAADP-AM and 3-deaza-cADPR, glucose uptake was increased in both normal diet and HFD muscle cells by treatment with NAADP-AM or 3-deaza-cADPR alone or NAADP-AM/3-deaza-cADPR ( Supplementary Fig. 11 ).
Exercise Decreases Blood Glucose Level via NAADP Formation in HFD Mice
To examine whether exercise could ameliorate glucose homeostasis in HFD-induced insulin resistance, we compared fasting blood glucose levels before and after treadmill exercise or insulin treatment in normal-diet-and HFD-fed mice. Compared with normal-diet-fed mice, HFDfed mice showed elevated blood glucose levels, which were significantly decreased following exercise but were not reduced by insulin treatment (Fig. 6A) . In HFD-fed mice, exercise induced NAADP synthesis to levels comparable to normal-diet-fed mice, whereas insulin treatment only induced NAADP synthesis in normal-diet-fed mice (Fig. 6B) . These findings indicate that the resistance toward the glucose-lowering effects of insulin in HFD-fed mice, due to a defect in NAADP synthesis, could be overcome through the still-intact pathway of exercisestimulated NAADP synthesis.
DISCUSSION
Insulin and muscle contraction are the principal physiological stimuli in increasing skeletal muscle glucose uptake via their final common pathway represented by GLUT4 protein membrane translocation. Although GLUT4 translocation is known to require Ca 2+ signaling (12) (13) (14) (15) (16) , details about the Ca 2+ signals involved in skeletal muscle glucose uptake by insulin and muscle contraction have not been revealed. In our study, we demonstrated that Ca 2+ signals for contraction-induced glucose uptake in skeletal muscle are distinct from those induced by insulin treatment. The main differences are due to their differential usage of Ca 2+ second messengers: the former uses cADPR, whereas the latter uses IP 3 as major Ca 2+ second messengers. Our data showed that the usage of different second messengers in insulin-and contraction-mediated signal transduction pathways represents the basis for the ameliorating effect of exercise in glucose homeostasis in the insulin-resistant state.
The first piece of evidence for the differential activation of skeletal muscle glucose transport by insulin and contraction was discovering wortmannin's ability to inhibit 2-deoxy-glucose uptake that was stimulated by insulin, but not by contractions (3, 35) . Contreras-Ferrat et al. (15) revealed that insulin induces Ca 2+ transient through their release from IP 3 -sensitive sarcoplasmic reticulum stores, which is responsible for glucose uptake via GLUT4 in primary neonatal cardiomyocytes. Insulin activated phospholipase C, resulting in increased glucose uptake in skeletal muscle (36) . Our study confirms that insulin-induced Ca 2+ transient and glucose uptake is dependent on IP 3 by showing that XesC completely inhibits insulin-induced Ca 2+ transient and glucose uptake (Figs. 1D and 3A) . However, contraction-induced Ca 2+ transient and glucose uptake were not significantly influenced by XesC, but they were affected by 8-Br-cADPR (Figs. 1C and 3A) .
Our observations that Ca 2+ second messengers cADPR and NAADP are required for glucose uptake in skeletal muscle contraction while IP 3 and NAADP are necessary in insulin-treated skeletal muscle suggest that NAADP is a common second messenger for skeletal muscle glucose uptake. Our previous findings regarding adipocytes showed that NAADP is a key central second messenger for glucose uptake, promoting GLUT4 translocation (11) . Collectively, these findings suggest that cellular machinery is able to discriminate between Ca 2+ signals and to react appropriately depending on the stimulus, notably in the case of NAADP.
In line with our previous report that NAADP has paracrine functions in glucose homeostasis (37) , it would be interesting to know whether exercise brings additional benefits for glucose homeostasis, specifically if the increased NAADP levels in skeletal muscle during exercise could be released into the blood stream through cell damage or another unidentified mechanism, NAADP would act on pancreas b-cells and adipocytes for insulin secretion and glucose uptake, respectively.
Previous studies have shown that NAD-derived second messengers cADPR and NAADP are involved in excitationcontraction-coupled skeletal muscle cell mechanisms and muscle contraction in various cells (38, 39) via ryanodine receptor calcium mobilization (40) and lysosomal calcium release (41) . Quite interestingly, contraction was reported to affect intracellular NAD/NADH levels through the stimulation of NAD biosynthesis by nicotinamide phosphoribosyltransferase (42) . Our data show that inhibition of glycolysis by blocking hexokinase resulted in significant impairment of ES-induced glucose uptake, as well as ESinduced formation of NAD(P)-derived second messengers and Ca 2+ signals (Fig. 4A-C and E) , suggesting that ESinduced glucose uptake as well as Ca 2+ signals are closely coupled to NAD(P)/NAD(P)H formation.
ADP-ribosyl cyclases are known to be located in heavy sarcoplasmic reticulum in skeletal muscle (43) . However, [49] ) and 3-deaza-cADPR (purchased from Sigma-Aldrich) were treated in the absence or presence of their antagonistic analogs (NED19/8-Br-cADPR). GLUT4 translocation was analyzed by photolabeling of the GLUT4 protein on the cell surface with Bio-LC-ATB-BMPA (USBiological) as described previously with modification (50) . Approximately 30-50 skeletal muscle cells were transferred to a 1.5 mL tube containing DMEM with 1 mmol/L Bio-LC-ATB-BMPA and were irradiated for 1 min in an ultraviolet reactor using 300 nm lamps during ES and insulin incubation. The cells were visualized with a Zeiss fluorescence microscope. ‡P < 0.05 one-way ANOVA vs. control fluorescence level; ‡ ‡P < 0.05 one-way ANOVA vs. insulin-induced fluorescence level. E: ES-induced phosphorylation levels of CaMKII and AMPK are not decreased in HFD-fed mice. †P < 0.05 one-way ANOVA vs. control fluorescence level. All data are expressed as the mean 6 SEM. CON, control; INS, insulin; IRS, insulin receptor substrate; ND, normal diet.
the formation of their enzyme products, cADPR and NAADP, and their role in skeletal muscle have not been studied, except one report on NAADP-mediated skeletal muscle cell differentiation (44) . CaMKII is a Ca 2+ signaling mediator that phosphorylates a wide range of substrates to regulate Ca 2+ -dependent cellular functions. CaMKII is known to be activated in a Ca 2+ -kinetics-dependent manner (45) . Consistent with the findings of Witczak et al. (14) that CaMKII regulates contraction, but not insulin-induced, glucose uptake in mouse skeletal muscle, our results demonstrate that ES-induced glucose uptake is dependent on CaMKII phosphorylation, which is downstream to ESinduced cADPR and NAADP formation (Fig. 3) .
The finding that G-6-P levels in skeletal muscle increase ;20-fold following ES (46) suggests that glucose enters glycolysis to generate ATP in muscle contraction. Our results showed that hexokinase inhibition via 3BP blocked only ES-induced cADPR and NAADP formation, but not insulin-induced NAADP formation (Fig. 4A and B) . Furthermore, 3BP blocked only ES-induced Ca 2+ signals and glucose uptake. These findings suggest that the conversion of glucose to G-6-P by hexokinase is an important step not only for energy generation, but also for cADPR and NAADP formation in contraction. Given that contraction demands energy production, resulting in NADH and lactate formation (47), it is not unexpected that the blockade of the ratelimiting step for glycolysis impairs ES-induced Ca 2+ signals and glucose uptake. Our data showed that hexokinase inhibition by 3BP did not affect insulin-induced glucose uptake. Given that glucose phosphorylation is the common step in glycolysis for energy generation during exercise and in glycogen synthesis by insulin, insulin-induced glucose uptake should also be affected by the hexokinase inhibitor. The reduced sensitivity of the insulin-induced glucose uptake pathway to hexokinase inhibition cannot be explained by glucose/glycogen metabolism. Rather, the differences between insulin-and contraction-induced glucose uptake may be explained by their distinct dependency on the synthesis of NAD(P)-derived Ca 2+ second messengers. Thus the exact mechanisms by which NAD metabolism is affected by hexokinase inhibition, particularly during contraction, demand further investigations.
Our study demonstrated the effect of ES-induced cADPR and NAADP formation on glucose uptake in HFD-fed mice. Exercise ameliorates the high blood glucose level and insulin resistance in type 2 diabetes (5). Our results showed that ES induced glucose uptake via cADPR and NAADP formation in the HFD-induced insulinresistant condition (Fig. 5A) . Furthermore, cell-permeable cADPR and NAADP analogs effectively promote GLUT4 translocation in muscle cells in HFD-fed mice as well as normal-diet-fed mice (Fig. 5E ). Our in vivo data demonstrated that 30-min treadmill runs significantly reduced blood glucose levels in HFD-fed mice, whereas insulin treatment in HFD-fed mice did not (Supplementary Fig.  6A ). The different efficacies of exercise and insulin treatment on reducing blood glucose levels in HFD-fed mice seems to be due to the different Ca 2+ signaling pathways for NAADP formation (Supplementary Fig. 6B ).
Previously, it was reported that distinct Ca 2+ signals in contraction and insulin-treated skeletal muscle may be differentially involved in opposing pathways for glycogen metabolism; Ca 2+ signals in contraction activate glycogen phosphorylase kinase b, leading to glycogen degradation, whereas Ca 2+ signals in insulin-treated skeletal muscle activates phosphoprotein phosphatase 1, switching off glycogen phosphorylase kinase b activity and resulting in decreased glycogen degradation (48) . Similarly, our data show that skeletal muscle uses different Ca 2+ signals for the common glucose uptake pathway in the catabolic, versus the anabolic, Figure 6 -Exercise decreases the blood glucose level in HFD-fed mice via NAADP formation. A: Effects of treadmill running and insulin on blood glucose levels in ND-fed mice and HFD-fed mice. *P < 0.05 one-way ANOVA vs. blood glucose level in control HFD-fed mice; **P < 0.05 one-way ANOVA vs. blood glucose level in exercised HFD-fed mice (15 min). B: NAADP levels in gastrocnemius muscle tissue with or without treadmill running (exercise) and insulin treatment were compared between ND-fed mice and HFD-fed mice. The treadmill running program consisted of 5 m/min with 0 angle for 15 min and recovery for 15 min. *P < 0.05 one-way ANOVA vs. NAADP level in control ND-fed mice; †P < 0.05 one-way ANOVA vs. NAADP level in control ND-fed mice; † †P < 0.05 one-way ANOVA vs. NAADP level in ND-fed insulin-treated mice. cADPR and NAADP levels were compared at 30 s (ES) and 1 min (insulin) after initial stimuli. All data are expressed as the mean 6 SEM. CON, control; EX, exercise; INS, insulin; ND, normal diet.
metabolism of glucose. Thus we may use exercise as a detouring route for glucose uptake in situations where it may otherwise be unresponsive to insulin treatment due to resistance.
In conclusion, we demonstrate that distinct Ca 2+ signaling mechanisms exist in the uptake of glucose by ES and insulin in skeletal muscle. ES-induced energy consumption, signaled through glycolysis, controls glucose uptake by producing Ca 2+ second messengers that are distinct from those that are upregulated by insulin. Thus exercise seems to ameliorate glucose homeostasis in type 2 diabetes by increasing intracellular cADPR and NAADP levels for glucose uptake.
